In Brief
Root hair growth increases root surface area for nutrient uptake. Schoenaers et al. report that auxin regulates the receptorlike kinase ERULUS, which localizes to the apical root hair plasma membrane, where it controls cell wall composition through pectin methylesterases and phosphorylation of cell-elongation regulators FERONIA and H + -ATPase 1/2.
SUMMARY
Root hairs facilitate a plant's ability to acquire soil anchorage and nutrients. Root hair growth is regulated by the plant hormone auxin and dependent on localized synthesis, secretion, and modification of the root hair tip cell wall. However, the exact cell wall regulators in root hairs controlled by auxin have yet to be determined. In this study, we describe the characterization of ERULUS (ERU), an auxininduced Arabidopsis receptor-like kinase, whose expression is directly regulated by ARF7 and ARF19 transcription factors. ERU belongs to the Catharanthus roseus RECEPTOR-LIKE KINASE 1-LIKE (CrRLK1L) subfamily of putative cell wall sensor proteins. Imaging of a fluorescent fusion protein revealed that ERU is localized to the apical root hair plasma membrane. ERU regulates cell wall composition in root hairs and modulates pectin dynamics through negative control of pectin methylesterase (PME) activity. Mutant eru (À/À) root hairs accumulate de-esterified homogalacturonan and exhibit aberrant pectin Ca 2+ -binding site oscillations and increased PME activity. Up to 80% of the eru root hair phenotype is rescued by pharmacological supplementation with a PME-inhibiting catechin extract. ERU transcription is altered in specific cell wallrelated root hair mutants, suggesting that it is a target for feedback regulation. Loss of ERU alters the phosphorylation status of FERONIA and H + -ATPases 1/2, regulators of apoplastic pH. Furthermore, H
INTRODUCTION
Root hairs (RHs) elongate via a tip-based growth mechanism [1] . Several studies have shown that tip growth occurs in an oscillatory manner and is accompanied by oscillations of cytoplasmic Ca 2+ levels [2] , extracellular reactive oxygen species (ROS), and pH [3] . The plant hormone auxin is a key component of RH tip growth because several auxin response mutants exhibit RH phenotypes [4] , whereas auxin supplementation promotes RH elongation [5] and the expression of the core RH transcription factor RSL4 changes in response to exogenous indole-3-acetic acid (IAA) application [6] . Auxin response factors (ARFs) control transcription of auxin-responsive genes [7] . However, despite the reported role of auxin in controlling RH elongation, besides RSL4 none of the tip growth-related genes have been identified as direct targets of ARFs [8] . Factors that control RH tip growth ultimately direct the delivery of cell wall (CW) and plasma membrane material to the expanding tip and control the modification (loosening/tightening) of the CW at the tip apex [9] . Interestingly, the transcription of a number of CW-related genes was altered in loss-of-function and overexpression lines of the auxin-regulated RH transcription factor (TF) RSL4 [6] . However, no direct link between auxin signaling and RH CW composition or dynamics has been reported to date. RH growth is facilitated by the coordinated synthesis, secretion, recycling, and remodeling of CW material. The formation of an organized and dynamic matrix of cellulose, hemicellulose, and pectin polymers is required to control plasticity at the tip and provide structural support in the subapical stalk. Failure to do so often results in mutants with aberrant RH morphology [10] [11] [12] [13] . Loss of FERONIA, a member of the Catharanthus roseus RECEPTOR-LIKE KINASE 1-LIKE (CrRLK1L) subfamily of putative CW-sensing proteins, was also shown to drastically impair RH morphogenesis [14] , whereas the RLK-VII member called MARIS regulates RH growth downstream of the CrRLK1L signaling pathway [15] . Despite these advances, the structural and regulatory complexity of the RH CW have proven difficult to dissect.
Here we report on the characterization of ERULUS, an RHspecific member of the CrRLK1L subfamily. We show that ERU transcription is regulated by auxin, with its promoter being a direct target for ARF7 and ARF19 TFs. In addition, auxin treatment alters ERU phosphorylation status. We demonstrate that ERU localizes to the Arabidopsis apical RH plasma membrane and regulates RH growth through modulation of pectin methylation dynamics. Mutant plants lacking ERU exhibit short, bulged RHs, a higher pectin methylesterase (PME) activity, and drastically altered pectin Ca 2+ -binding site oscillations. Pharmacological inhibition of PME activity rescued up to 80% of the eru (C) RH profile constructed from 7-day-old WT and eru seedlings (n = 5). The average RH length was determined for very young RHs (1.15 mm from the root tip) until fully mature RHs (5.9 mm from the root tip).
(D) Growth dynamics of individual WT and eru RHs, showing consecutive frames of growing RHs that were followed for 1 hr (scale bar, 20 mm) (left), the average growth curve and growth speed (middle), and a stunted growth curve for a single representative eru RH (right). Arrows indicate growth pauses. RH growth dynamics were followed starting from the bulge phase and throughout the tip growth phase. Error bars represent SE. ***p < 0.001. See also Figure S1 .
RH phenotype. Furthermore, loss of ERU function results in differential phosphorylation of FERONIA (FER) and H + -ATPases 1/2 (AHA1/2), regulators of apoplastic pH. In addition, AHA1/2 is differentially phosphorylated on auxin treatment. We conclude that auxin controls pectin-related CW composition in growing RHs via the CrRLK1L family protein ERU, through a pathway that most likely involves FER and AHA1/2 action.
RESULTS
The Receptor-like Kinase ERU Regulates Tip Growth in RHs To identify new RH tip growth-related genes, two Affymetrix ATH1 array datasets were cross-correlated. The first dataset was prepared using RNA from the root differentiation zones of wild-type (WT; Col-0) plants and the rhd2 loss-of-function mutant that fails to extend RH bulges due to the absence of a functional ROS gradient [16] . The second dataset was prepared using fluorescence-activated cell sorting (FACS)-sorted root epidermal cells from protoplasted lines in which every epidermal cell was either an RH (wer myb double mutant) or a non-hair cell (cpc try double mutant) [17] . Data integration led to the selection of 150 genes whose expression was positively correlated with RH tip growth.
Reverse genetic screens of the candidate genes identified a T-DNA insertion in a C. roseus receptor-like kinase 1-like (CrRLK1L) kinase named ERULUS (ERU), which, as previously reported, resulted in severely aberrant RH morphology (Figure 1A) [14, 18] . Genotypic analysis revealed that the T-DNA was inserted 1,047 bp downstream of the start codon (Figure S1A ) and resulted in a complete loss of ERU transcript (Figure S1B ). The erulus (À/À) plants developed very short RHs (22.4% of WT length; Figures 1A and 1B) that often bulged at the tip. RH positioning at the basal end of root epidermal cells was unaffected, and distinct trichoblast cell files were present in eru plants ( Figure S1C ). Contrary to previous findings, the short/bulged eru RH phenotype persisted when grown on minimal growth medium (Figures S1D and S1E) [18] . By insertion of the 2,529-bp native promoter coupled to its coding sequence and GFP (ERUp::ERU-GFP) into the eru (À/À) mutant Arabidopsis background, we were able to fully complement the eru short RH phenotype ( Figures 1A and 1B) , demonstrating protein functionality. In addition, we no longer observed RH bulging in the complemented lines. 35S-driven ERU overexpression (35S::ERU) in the eru or Col-0 background did not alter the final WT RH length or the RH profile ( Figure 1B ; Figures S1F-S1H).
To investigate at which stage of RH development ERU is involved, we constructed RH profiles and monitored single-RH growth of 7-day-old WT and eru roots ( Figures 1C and 1D) . In WT roots, RHs elongated through tip growth at a constant growth rate until they reached maturity (600-700 mm) at a distance of ±3 mm from the root tip ( Figure 1C) . eru RHs grew much slower, but kept doing so for the same extent of time as WT RHs. Bulge formation occurred normally in eru plants, but mutant RHs were unable to make the subsequent switch to fast tip growth ( Figure 1D ). After bulge formation, WT RHs switched to tip growth with a constant growth rate of 0.93 ± 0.05 mm min À1 , whereas eru RHs grew at 0.30 ± 0.03 mm min À1 . Moreover, during the expected period of fast tip growth, eru RHs experienced occasional growth interruption after which slower than normal growth was regained. Based on our findings, we concluded that ERU is essential to controlling tip growth in RHs.
ERU Encodes a Trichoblast Plasma-MembraneLocalized Receptor-like Kinase Enriched at the RH Tip
To determine the tissue-specific expression of ERU, we constructed a transcriptional fusion of its promoter with the GFP (Figure 2A ), confirming the public transcriptomics data [19] . GFP was first detected in elongating epidermal cells, even before RH bulge formation. The ERU promoter was active throughout RH morphogenesis, and then GFP signal intensity decreased gradually after RH maturation ( Figure S2A ). These findings were independently confirmed using b-glucoronidase (GUS) as an alternative reporter (Figures S2B-S2D ). Next, we investigated ERU subcellular localization. ERU contains an N-terminal signal peptide (M1-S27), a malectin receptor-like domain (F28-A425) with 6 putative N-linked glycosylation sites (N81, N125, N252, N294, N359, N365), a hydrophobic transmembrane domain (I426-V446), and a C-terminal cytoplasmic domain (R447-P842) coding for a protein kinase. As such, ERU was likely to be trafficked via the secretory pathway to the plasma membrane. Bioinformatic analysis for non-redundant A. thaliana protein sequences with similarity to the ERU signal peptide combined with Gene Ontology (GO) enrichment analysis revealed a strong overrepresentation of ''extracellular region''-associated proteins ( Figure S3A ), among which were FER, pectin lyase-like, PME inhibitor, and proline-rich extensinlike proteins. We identified a highly conserved hydrophobic motif ( Figures S3B and S3C ) with a presumable targeting function (N terminal in 71% of all cases) that was present in all identified proteins. In parallel, we transformed WT and eru Arabidopsis plants with a transgene containing the ERU coding sequence coupled to a C-terminal GFP reporter and driven by its native promoter (ERUp::ERU-GFP). In all independent lines, we observed that ERU-GFP specifically localized to the future site of RH formation, the RH bulge, and the very tip of tip-growing RHs ( Figure 2B ). High-resolution spinning-disk confocal microscopy revealed that ERU-GFP localized to an endomembrane compartment that accumulated at the surface of the RH bulge ( Figure 2C ; Movie S1) or the growing RH tip (Figures 2D-2F ; Movie S2) and to the apical plasma membrane in RH bulges (Figure 2C ; Movie S1) and tip-growing RHs (Figures 2D-2F ; Movie S2). ERU protein localization at the tip seemed highly dynamic yet displayed no oscillatory behavior (Movie S3; Figure S4 ). Hence, ERU represents a trichoblast-specific RLK that localizes to the apical plasma membrane of RHs.
ERU Is Regulated by Auxin via ARF7 and ARF19 Transcription Factors that Directly Bind to Its Promoter The plant hormone auxin is known to positively regulate RH growth [5] . To assess the role of ERU in auxin-mediated RH development, we transferred 5-day-old WT and eru seedlings to medium containing different concentrations of IAA, 1-naphthaleneacetic acid (NAA), and 2,4-dichlorophenoxyacetic acid (2,4D). Although auxin-treated eru (À/À) RHs were markedly longer than untreated controls (up to 63% of WT RH length) and no longer bulged, we were unable to fully complement their RH length defect ( Figures S5A-S5D ). Importantly, eru RH growth velocity remained 51% lower compared to WT RHs upon 20 nM IAA supplementation ( Figure S5D ). Hence, ERU represents an important component of the auxin signaling pathway required to promote RH growth.
In silico analysis of the ERU promoter sequence identified four canonical auxin response elements (AuxREs), positioned at 462, 1.454, 1.999, and 2.596 bp upstream of the ATG start codon and encoded by the TGTCTC/GAGACA conserved ARFAT sequence or single-nucleotide variants thereof (e.g., TGTCAC at À462; Figure 3A) . In addition, multiple core TGTC/GACA AuxREs were also present ( Figure 3A ). Auxin response factors (ARFs) bind to AuxREs to regulate auxin-mediated transcription [7] . Besides others, ARF7 and ARF19 are both actively transcribed in growing RHs [19] (Figure S5E ). We quantified ERU transcription in response to auxin application in WT and arf7arf19 doublemutant roots. In Col-0, ERU mRNA abundance peaked 30 min after auxin application, after which it rapidly decreased to reach baseline levels after 120 min ( Figure 3B ). In contrast, in arf7arf19 roots, ERU mRNA level remained very low. Hence, ERU transcript abundance is regulated in an ARF7/ARF19-dependent manner with expression dynamics consistent with being a primary auxin response gene. To directly test whether ARF7 and/or ARF19 bind to the ERU promoter, we performed chromatin immuno-precipitation PCR (ChIP-PCR) studies. Chromatin was extracted from WT, arf7 (À/À), and arf19 (À/À) root cultures, after which ChIP-PCR studies were performed using ARF7-and ARF19-specific antibodies ( Figure S5F ). Real-time PCR using primers specifically designed to amplify the regions associated with the À462 and À1.454 localized ARFAT sites revealed that ARF7 (both AuxREs) and ARF19 (À462 AuxRE) directly bind to the ERU promoter ( Figures 3C and 3D ). Relative to arf7 and arf19 null mutants, ERU-associated promoter DNA was significantly enriched in anti-ARF7 ( Figure 3C ) and anti-ARF19 ( Figure 3D ) immunoprecipitated fractions compared to the input DNA fractions (non-immuno-precipitated controls). Taken together, our results reveal that ERU transcription is controlled by auxin and represents a direct target for at least the ARF7 and ARF19 transcription factors.
ERU Is Phosphorylated at Serine 497 in Response to Auxin Protein phosphorylation is an important post-translational modification controlling protein function. Auxin is known to induce proteome-wide phosphorylation changes [20] and, e.g., controls the phosphorylation status/activity of H + -ATPase during acid growth-directed hypocotyl elongation [21] . It was previously shown that ERU function depends on its phosphorylation status [22] . To study the effect of auxin treatment on ERU phosphorylation, we checked ERU protein phosphorylation in a dataset generated from Arabidopsis root tips in response to NAA (100 nM) treatment (N.N. and I.D.S., unpublished data). We found that the abundance of the ERU peptide SNGFSSFFSNQGLGR, which corresponds to the serine 497 phosphosite (pS497), increased by a factor of 6.94 ± 2.87 (n = 5) upon auxin treatment (Figure 4 ; Figure S6A ). Because serine 497 lies within the cytoplasmic protein domain and has not been functionally annotated, it is unclear how its phosphorylation affects ERU action. Importantly, however, our data illustrate a second (post-translational) means through which auxin may regulate ERU function.
ERU Transcription Is Altered in Pectin CW Mutants ERU belongs to the CrRLK1L family of putative CW-sensing proteins. To investigate whether ERU transcription is altered in response to changes in RH CW composition, we quantified the ERU transcript in 7-day-old roots of several RH CW mutants (repressor of lrx1 1, rol1; leucine-rich repeat/extensin1, lrx1; leucine-rich repeat/extensin2, lrx2; enhancer of lrx1 7, enl7; procuste1, prc1; cellulose synthase-like d3, csld3; theseus1, the1). ROL1, or repressor of LRX1 1, encodes a UDP-L-rhamnose synthase that is responsible for modification of the pectic polysaccharides rhamnogalacturonan I and II [13] . The lrx1-1 mutant phenotype, which is the result of aberrant CW architecture, is suppressed by both allelic rol1 mutations [13] . As such, it has been suggested that LRX1 could be involved in the establishment of a functional pectin matrix [13] . LRX2 functions redundantly with LRX1, and Enhancer of Lrx1 (ENL7) worsens the lrx1-1 phenotype, suggesting that they are functionally related [23] . PROCUSTE1 (PRC1), CELLULOSE SYNTHASE-LIKE D3 (CSLD3), and THESEUS1 (THE1) encode a cellulose synthase (CESA6), a protein required for the synthesis of a non-cellulosic wall polysaccharide and normal cellulose and xyloglucan organization in RH CWs, and a CW/cellulose deficiency sensor protein of the CrRLK1L family, respectively [24] [25] [26] . ERU transcription was 1.6-fold upregulated in the rol1-2 null mutant and $2-fold downregulated in the lrx1-1, enl7, and lrx2-1 mutants but remained unaffected in prc1-1, csld3, and the roots ( Figure S7A ). These findings suggest that some, but not all, CW perturbations alter ERU gene expression, indicative of feedback regulation from the CW. Notably, ERU transcript abundance was altered in the rol1 and lrx1-1 RH mutants which, in the literature, have been related to pectin [13] .
ERU Is a Regulator of CW Metabolism in RHs
Next, we investigated whether differences existed in the CW composition of eru and WT RHs using micro Fourier transform infrared (microFT-IR) spectroscopy. We observed significant differences in IR absorbance at several distinct wavenumbers ( Figure 5A ), some of which had been annotated to specific CW components [27] [28] [29] . These most likely corresponded to the underrepresentation of the pectin (845-864) and xyloglucan (XYG) ring structures (922-949) and overrepresentation of the glycosydic C-O-C linkage vibration of cellulose (1.150 and 1.161 doublet) in eru RHs ( Figure 5B ) [27] [28] [29] .
To probe the observed changes in CW composition, we analyzed cellulose, XYG, and pectin distribution in the CW of WT and eru RHs using dyes, antibodies, and confocal microscopy. Direct red 23 (also known as pontamine fast scarlet) was used to visualize cellulose [30] . In WT RHs, we detected high fluorescence intensity at the tip (consistent with the site of cellulose synthesis) and lower intensity in the RH stalk (legend continued on next page) ( Figure S7B ). In agreement with our microFT-IR data, the fluorescence intensity in the stalk of eru RHs was much higher compared to WT RHs ( Figure S7B ). Cellulose overaccumulation could be due to a higher cellulose synthase (CesA) activity or normal CesA activity in combination with slower RH growth. To discriminate between the two, we deduced the CW thickness from the acquired confocal images ( Figure S7C ) and crosscorrelated it with the observed cellulose content ( Figure S7D ). The width of the CW correlated significantly with the cellulose content (Rho = 0.80). The CW of eru RHs was twice as thick as WT RHs. We calculated the CW volume for a hypothetical 200-mm RH cylinder (Figures S7E and S7F) and found that it inversely related to RH growth speed ( Figure S7G ). The volume of the cytosol remained unaffected ( Figure S7H ). Hence, overaccumulation of cellulose in eru is most likely a secondary effect of slow RH growth. Next, we directly determined the overall XYG content in the RH primary CW using a monoclonal antibody with specificity toward several XYG oligosaccharides. In agreement with our microFT-IR spectra, we observed that eru RHs accumulate 1.7-fold less XYG compared to WT RHs ( Figure S7I ). We also investigated pectin composition using monoclonal antibodies toward methyl-esterified and de-esterified homogalacturonan (HG) epitopes (Figure 5) . Interestingly, eru RHs had much lower methyl-esterified and far higher de-esterified HG levels in the RH stalk compared to WT, suggesting a higher degree of de-esterification by PMEs. The total HG content (the sum of methyl-esterified and de-esterified HG) remained unaffected ( Figure 5C ). Using a coupled enzymatic approach, we quantified PME activity in root tips (containing growing RHs) of WT and eru roots. Consistent with our previous observations, we detected a 1.6-fold increase in PME activity in the eru mutant ( Figure 5D ). To verify that the observed RH growth effect was related to increased PME activity, we supplemented WT and eru plants with different concentrations of polyphenon 60 (PP60), a catechin extract shown to inhibit PME activity in a concentration-dependent manner by direct binding to PME or to its substrate pectin, thereby blocking PME access [31] . PP60 supplementation rescued eru RH length up to 80% that of WT RHs, showing that increased PME activity is a major factor contributing to the eru phenotype ( Figure 6 ).
Given the apparent role of ERU in regulating pectin dynamics and the low XYG content in the eru RH CW, we were interested to see whether a XYG/pectin compensation mechanism could exist in RHs. The existence of such a mechanism in controlling CW biomechanics has been suggested before, but has never been illustrated in RHs [32] . Unfortunately, pectin-deficient RH mutants have not been identified to date, making it impossible to test XYG accumulation therein. However, we found that XYG-deficient xxt1/2/5 RHs contain 1.9-fold more pectin Ca 2+ -binding sites and have a thicker CW ( Figures S7L-S7N ). The latter finding suggests that XYG and pectin can assume a compensatory role to maintain CW rigidity, which could explain the CW composition observed in eru RHs.
To further understand how pectin dynamics were affected in eru RHs, we visualized the availability of pectin Ca 2+ -binding sites (a direct consequence of de-esterification by PME activity) via in vivo propidium iodide (PI) staining of growing RHs [9] . Timelapse imaging revealed a higher PI intensity (consistent with higher PME activity) but much slower oscillations in eru RHs (Figures 5E and 5F; Movie S4). In WT RHs, pectin Ca 2+ -binding sites oscillated at 0.018 ± 0.0009 Hz and in 14 out of 20 RHs a secondary component at a frequency of 0.007 ± 0.002 Hz was present ( Figures 5G and 5H ), whereas in eru RHs the main frequency of oscillation was drastically slower at 0.003 ± 0.0003 Hz and was characterized by an amplitude $13-fold greater than WT RHs ( Figures 5G and 5H ). Each eru oscillation was marked by a sudden and steep increase in PI fluorescence, followed by a gradual decrease to original levels, whereas in WT RHs each oscillation was characterized by a discrete rise and equal decrease in PI signal intensity (Movie S4). The average apical PI signal intensity in eru RHs remained 3-fold higher compared to WT RHs throughout acquisition ( Figure S7J ) and never reached WT levels, even after maturation ( Figure S7K ). Taken together, our data show that ERU plays a crucial role in CW composition and pectin metabolism through regulation of PME activity.
FER and H + -ATPase 2 Are Differentially Phosphorylated in ERU Loss-of-Function Root Tips To identify downstream targets of the ERU kinase and gain insight into how ERU could regulate CW dynamics, we compared the phosphoproteome of WT and eru root tips (containing the root differentiation zone). We found that FER and a peptide corresponding to H + -ATPase 1 and/or 2 (AHA1/2), all of which are involved in regulating apoplastic pH [14, 33] , were significantly differentially phosphorylated at serine 701 (pS701; SFGYLDPEYFR) and serine 904 (pS904; ELSEIAEQAKR), respectively ( Figure 7 ; Figures S6B and S6C ). FER pS701 phosphopeptide abundance had decreased 3.4-fold ( Figure 7A ) and AHA1/2 pS904 phosphopeptide abundance had increased by a factor of 2.9 ( Figure 7C ) in the eru mutant background, whereas overall peptide abundance remained unaffected ( Figures 7B and  7D ). FER pS701 is located in the cytoplasmic kinase domain and
has not yet been functionally annotated. When expressed in yeast, phosphorylation of AHA1/2 S904, a cytoplasmic phosphosite located in the C-terminal autoinhibitory regulatory domain, leads to protein activation [34] . This domain also contains the presumable FER-targeted phosphosite AHA2 S899, which has been shown to regulate AHA2 proton-pumping activity [14] . As such, our data reveal that ERU might function through regulation of FER and AHA1/2 phosphorylation, which controls apoplastic pH and potentially indirectly also CW enzyme activity during cell elongation. Interestingly, we found that auxin supplementation (100 nM NAA) caused a 1.6-and 1.3-fold decrease in the abundance of the AHA1/2 GSYRELSEIAEQAK and AHA2 GLDIETPSHYTV phosphopeptides, respectively, corresponding to previously characterized AHA2 S899 and T947 phosphosites, known to activate AHA's pumping activity ( Figures S6D-S6I ). Importantly, these NAA-addition data should be interpreted with care, as this dataset does not reveal cell-type-specific changes in the root, so that the general changes could mask potential other effects present specifically in RHs. Nevertheless, our results demonstrate an in planta regulation of AHA1/2 by both auxin and ERU, further supporting that both players are embedded in the same signaling network.
DISCUSSION
RH tip growth represents one of nature's most rapid forms of cell elongation. A hormone-driven pathway controls CW rheology at the RH tip to withstand turgor pressure yet provide sufficient flexibility for growth. The hormone auxin controls RH expansion [5] , yet knowledge about its direct targets for regulation of CW dynamics has been lacking, to date. We describe the characterization of the CW receptor-like kinase ERU, a key regulator of RH expansion. Eru (À/À) plants exhibit a RH growth defect (Figure 1) . We report that (1) ERU is specifically expressed in trichoblasts, (2) ERU is a key component of auxin-driven RH growth, (3) ERU is a direct target of at least ARF7 and ARF19, (4) ERU phosphorylation is altered in response to auxin, (5) ERU localizes to the apical RH plasma membrane (PM), and (6) ERU regulates CW composition/dynamics during RH elongation, possibly through affecting FER and AHA1/2 phosphostatus and subsequently their activity. Although our ERU subcellular localization results contrast with the findings of Bai et al. [18] , which can have various reasons, we demonstrate that our ERUp::ERU-GFP reporter rescued the eru (À/À) RH defect in A. thaliana, providing confidence that our ERU PM localization results are valid.
ERU is a member of the CrRLK1L family of putative CWsensing kinases and contains a malectin-like domain, which has been hypothesized to bind specific CW polysaccharides or glycoproteins [35] . Several CrRLK1L proteins associate with CW modification or sensing during expansion [35] . We illustrate that ERU has a role in controlling the CW machinery in RHs. CW turnover and modification are concentrated at the tip. We found that ERU localizes to the tip PM in growing RHs, throughout all RH developmental stages (Figures 2B-2F ; Movies S1, S2, and S3). The ERU signal peptide is likely to encode an extracellular localization signal (Figure S3 ), targeting the malectin-like domain to the CW, where it could potentially interact with carbohydrate-containing ligands or small signaling peptides (such as RAPID ALKALINIZATION FACTORs [RALFs] interacting with FER [14, 36] ).
At the growing RH apex, the load-bearing capacity of the CW is thought to be determined by the interconnectivity of the cellulose/XYG ''grid'' and the fluidity of the pectin matrix, yet empirical data to support this theory are scarce. In pollen tubes, highly methyl-esterified HG (major pectin component) is exocytotically secreted at the RH tip [37] . Subsequent de-esterification by PMEs would then generate de-esterified HG that can be degraded by pectin lyases (resulting in higher CW flexibility) or interact through egg boxes with Ca 2+ ions to generate a stiff cross-linked matrix [38] . The availability of pectin Ca 2+ -binding sites was shown to oscillate at the same frequency as the RH growth velocity, implying that PME activity may oscillate too [9] . eru RHs exhibit aberrant CW composition. The mutant has a thicker, cellulose-enriched CW (Figures S7B-S7D ) and much lower amounts of XYG ( Figure S7I ). In addition, ERU functions as a negative regulator of PME activity ( Figures 5C  and 5D ), because eru RHs were devoid of methyl-esterified and enriched in de-esterified HG, whereas PME activity was higher in mutant root extracts. This finding is supported by the fact that pharmacological treatment with a PME-inhibiting catechin extract resulted in a highly substantial rescue of the eru phenotype ( Figure 6 ). Moreover, HG Ca 2+ -binding site oscillations were drastically altered in mutant RHs (Figures 5E-5H ; Figures S7J and S7K; Movie S4), illustrating a continuously higher potential of the CW to bind Ca 2+ and thus provide a highly cross-linked HG matrix. In line with previous findings, we found that a pectin/XYG compensation mechanism to control CW biomechanics might also exist in RHs, thereby explaining lower XYG abundance in the highly rigid pectin-altered eru CW ( Figures S7L-S7N) [32]. Further characterization of XYG/pectin functional dependency would increase our understanding of how CW plasticity is regulated. Consistent with its role as a putative CW sensor, ERU transcription was altered in specific RH CW mutants, suggesting ERU/CW feedback regulation ( Figure S7A ). The mechanism linking ERU-mediated regulation of CW composition and PME activity is currently unknown. In primary root-cell expansion, RALF-induced apoplastic alkalinization is mediated by the physical interaction between RALF and the CrRLK1L FER and subsequent FER kinase-controlled phosphorylation of AHA2, regulating AHA2 pumping activity [14] . In addition, the constitutively expressed AHA1 was also found to regulate root apoplastic pH. The FER/AHA2 mechanism has been illustrated in primary root-cell elongation but not shown to regulate RH development. Importantly, we now found that the eru mutation results in differential phosphorylation of FER and AHA1/2, suggesting that a similar mechanism might operate in RH tips (Figure 7) . PME activity, which is strongly affected in eru RHs, is highly pH dependent, and most likely contributes to apical pH oscillations during RH growth, because PME-mediated HG de-methylesterification releases protons as a byproduct [39] . In addition, RALF4 was found to be highly co-regulated with pectin-modifying enzymes [40] . Moreover, the enzymes that regulate CW XYG remodeling function at a specific pH optimum [41] . Hence, altered extracellular pH dynamics, both by altered PME activity and AHA1/2 pumping activity, could explain the diverse defects observed in the eru CW. It is tempting to hypothesize that ERU is part of a FER-ERU-AHA1/2 apoplastic pH-regulating mechanism that alters CW metabolism in the RH tip and that, in turn, is sensitive to CW changes (by both FER and ERU). Whether the altered phosphorylation of AHA1/2 is a direct consequence of the activity of ERU or FER or another kinase remains to be shown.
Recently, it was shown that FER-mediated control of CW pH is auxin dependent [33] . We report that in roots, AHA1/2 is differentially phosphorylated at S899 and T947 in response to auxin treatment ( Figures S6F-S6I ). More so, ERU is regulated by auxin at the transcriptional (through direct binding of ARF7 and ARF19 to its promoter) and post-translational levels (through auxininduced phosphorylation). Collectively, these data reveal that auxin is strongly embedded within the pathway(s) controlling CW composition and dynamics in RHs.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Growth conditions
Seeds were surface sterilized prior sowing. For phenotyping and microscopy, seeds were plated on RH growth medium (3 mM KNO 3 For realtime-PCR analysis of ERU transcription in WT and arf7arf19 roots, seeds were grown for 7 days in continuous light on 1/2 MS medium (1% sucrose) before being transferred to medium containing 1 mM NAA or an equivalent volume of DMSO (control). Roots were harvested 0.5, 1, 2, 4 or 6 hr after transferring. For phosphoproteome analysis of auxin-treated seedlings, Arabidopsis thaliana (ecotype Col-0) seedlings were grown vertically on 1/2 MS medium (0.8% agar, 1% sucrose) containing 100 nM 1-naphthaleneacetic acid (NAA) or DMSO as a control at 22 C and under continuous light conditions. At 11 days after germination, 1 cm root tips were harvested in 5 biological replicates.
Plant material
Arabidopsis thaliana ecotype Columbia-0 (Col-0; N1092) and mutant eru (SALK_083442C), rol1-2 (CS16373), lrx1-1 (CS16370), lrx2-1 (CS16371), the1-4 (SAIL_683_H03; kindly donated by Prof. Lenhard), prc1-1 (CS297), enl7 (CS25258), arf7 (N24607), arf19 (N24617), arf7arf19 (N24629) and xxt1/2/5 (N67828) seeds were obtained from the Nottingham Arabidopsis Stock Centre (ABRC) or kindly donated. Plants homozygous for the eru T-DNA insert were selected by PCR using T-DNA and gene-specific primers (Table S1 ).
METHOD DETAILS Phenotyping
Images were collected using a Nikon AZ100 multizoom macroscope for determination of the RH length, and construction of a RH profile. RH length was measured using FIJI. For constructing a RH profile, the length of individual RHs and their distance to the root tip were measured. RH lengths were classified in 0.25 mm (normal medium) or 0.05 mm (auxin supplementation) intervals depending of their distance to the root tip, and averaged within each interval. Five independent roots were analyzed. RH growth timelapse movies were acquired using a Zeiss Axioplan microscope with a Zeiss Achroplan 100x (na 1.25) oil immersion Ph3 objective. Eru and Col-0 seedlings were grown on solid RH medium and gently overlaid by a cover glass. Images were collected for approx. 1 hr with a framerate of 20 s. The RH length gain was measured for each frame in FIJI for > 5 RHs.
semiquantitative RT-PCR and real-time PCR Total RNA was isolated from 6-day-old WT, eru, rol1-2, lrx1-1, lrx2-1, the1-4, prc1-1 and enl7 roots (PureLink Plant RNA kit, Life Technologies), 7-day-old WT and arf7arf19 roots, or 7-day-old roots of 6 independent WT x 35S::ERU lines (TRIzol reagent) and DNase treated (RQ1 RNase-Free DNase, Promega). cDNA was reverse transcribed from 500 ng (CW mutants and 35S::ERU lines) or 100 ng (arf7arf19 mutant) of RNA using oligo(dT)20 primers. For genotyping by semiquantitative RT-PCR ERU, ACT2 and EF1a cDNA was amplified for 35 cycles (primers : Table S1 ). For real-time PCR, taqman assays (CW mutants and 35S::ERU lines) specific to ERULUS (At02270065_s1) and ACT2 (At02329915_s1) or ACT8 (At02270958) were used, or ERU and TUB3 primers (for arf7arf19) were designed for SYBR green based qPCR (Table S1 ). Three technical and three biological repeats were performed for each duplex PCR. Data was analyzed using the DDCt method.
Cloning of ERULUS and Arabidopsis transformation Constructs were generated using gateway cloning. To construct the ERUp::GFP transgene, a 619bp sequence upstream of the translational start codon of ERU was amplified from col-0 genomic DNA using Platinum high fidelity DNA polymerase (Life Technologies). To create the 35S::ERU overexpression construct and the 35S::ERU-GFP overexpressed reporter construct, the entire ERULUS cds without stop codon was obtained by PCR. Primers: Table S1 . All DNA fragments were cloned to the pDONR207 entry vector, transformed in E. coli and the plasmids obtained from single colonies were verified by Sanger sequencing. Recombination was performed with isolated plasmid by LR reaction into the pGWB2 (35S promoter, no tag) or pGWB5 (35S promoter, C-terminal GFP) destination vectors. To obtain the translational protein-reporter transgene a genomic DNA segment containing the promoter and the coding region of ERU (3148 bp) was synthesized in the pENTR221 donor vector using The GeneArt Gene Synthesis service (Life Technologies). This construct was recombined into the pGWB4 (no promoter, C-terminal GFP) binary vector. Agrobacterium tumefaciens C58 or LBA4404 strain transformed with the constructs was used to transform Col-0 and eru Arabidopsis plants using the floral dipping method [44] . Agrobacterium carrying the construct of interest was cultered in 5 mL liquid LB medium (10 g gentamycin for 48 hr at 28 C while shaking. Subsequently, using 1 mL of this pre-culture, a main culture was set up (24 hr, 28 C, shaking). This culture was centrifuged (8000 g, 10min, 4 C) and the bacteria were resuspended in 500 mL transformation buffer (50 g L -1 sucrose, 0.74 g L -1 MgCl 2 , 100 mL silwet-L77). The inflorescence of > 50 Arabidopsis plants were dipped in this solution for 2.5min. Well-watered flower-dipped plants were covered with a plastic sheet for 24 h to garuantee high humidity, after which they were left to fully mature and set seeds. Transformed seeds were selected by antibiotics resistance. Homozygous T 3 progeny was used for analysis.
ARF7/ARF19 ChIP-qPCR
Root cultures were pre-treated with 1 mM NAA to remove Aux/IAA proteins. DNA and protein complexes were cross-linked by submersing the tissue in 40 mL of Fixation Buffer (0,1 M sucrose, 50 mM NaCl, 10 mM KH 2 PO 4 , pH 7, 1% formaldehyde, 10 mM MG132) and vacuum for 20 min. The reaction was stopped by adding cold glycine (0.125 M). Nuclei were isolated as described by Bowler et al. (2004) and re-suspended in 1 mL Sonication Buffer (10 mM potassium phosphate, pH 7, 0.1 M NaCl, 0.3% sarkosyl, 10 mM EDTA, 0.1 mM PMSF, 1X Sigma plant protease inhibitor cocktail) [45] . The chromatin was sonicated to yield fragments of 200-500 bp. 200 mL of sonicated chromatin was subsequently added to 1 mL Immuno-precipitation Buffer (50 mM HEPES, pH 7.5, 150 mM KCl, 5 mM MgCl 2 , 0.1% Triton X-100) and incubated with 3 mg of affinity purified anti-ARF19 or anti-ARF7 IgGs at 4 C on a slow-moving rotator for 4 hr. Anti-ARF7 antibody was produced in rabbits using an E. coli-expressed His-tagged antigenic region from aa 795-1039 [43] . The latter was used to affinity-purify the resulting antiserum. His-tagged ARF19 peptide (aa 541-720) was expressed in E. coli and used for antibody production in sheep [42] . The anti-ARF19 crude antisera were affinity-purified using Pierce Sulfo link resin as per their instructions.
Protein G Dynabeads (Invitrogen) were added and incubated overnight. Elution and reverse cross-linking of the immunoprecipitated and non-immunoprecipitated chromatin samples were performed by heating to 95 C in 0.5 M NaCl solution for 20 min. Upon cooling, 4 mL of 20 mg mL -1 Proteinase K was added and the samples were incubated at 55 C overnight, then at 65 C for 6 hr. The magnetic beads were removed and DNA extracted from the remaining solution using phenol (buffered to pH 8):chloroform:isoamyl alcohol, 25:24:1. Precipitated DNA from the immunoprecipitated samples was re-suspended in 30 mL and the input DNA in 300 mL of water. Input and immunoprecipitated samples were diluted 10-fold and 5 mL thereof was used in a 12 mL volume reaction of SYBR green master mix and 1 mM each of forward and reverse oligonucleotides (Table S1 ). The primers were designed based on the location of putative ARF binding sites. The putative 1500bp promoter region of ERU was examined for cis-elements using Place (http://www.dna.affrc.go.jp/PLACE/). All qPCR reactions were performed as triplicate technical replicates using a Roche LightCycler 480 qPCR machine. ChIP experiments are representative of three biological replicates.
Micro-Fourier transform IR spectroscopy (mFT-IR)
Six day old Col-0 and eru roots were dehydrated in ethanol and rehydrated overnight in distilled water. The dense RH collet at the hypocotyl-root junction was excised and dried at RT on a gold coated microscopy slide. FT-IR spectra were collected in an area of 30 3 30 mm where the stalks of multiple RHs overlapped using a Thermo Scientific Nicolet iN10 MX infrared imaging microscope equipped with a liquid nitrogen-cooled camera sensor coupled to the Thermo Scientific OMNIC Picta software. Spectra were collected in cooled reflection mode (dual transmission) ranging from 830 cm -1 to 1800 cm -1 with 3.857 cm -1 intervals. 64 spectra were co-added for each sample to increase the signal-to-noise ratio. The WT (n = 72) and eru (n = 46) spectra were baseline-corrected. Statistics were performed for each wavenumber using a Student's t test (parametric) or kruskal wallis test (non-parametric) in R statistics or Multi-Experiment Viewer (MeV) respectively.
Immunolocalization and staining
Five day old Col-0 and eru seedlings grown on solid RH medium were covered with isotonic fixation buffer (50 mM PIPES, 5 mM MgSO 4 , 5 mM EGTA, 4% paraformaldehyde, 0.1% glutaraldehyde, 1% sucrose, pH 6.9) for 30 min, transferred to the same fixation buffer for 90 min and subsequently washed three times with 50 mM PIPES buffer (pH 6.9). Aspecific binding sites were blocked with PIPES buffer containing 3% BSA. After washing (PIPES 3x) seedlings were incubated overnight at 4 C with a 1:5 dilution of the Rat IgM primary antibody against methylesterified (LM20), de-esterified homogalacturonan (LM19) or XYG (LM25)(Plant Probes, UK). After washing, the samples were incubated with 1:100 Alexa Fluor 488 Goat anti-Rat IgM secondary antibodies for 1 hr at RT. Washed samples were then mounted on a slide with PIPES buffer and visualized using a Nikon Eclipse E600 coupled to a D-Eclipse C1 confocal unit (Nikon, Brussels, Belgium), equipped with 488nm Argon laser and Plan Apo 60x (na 1.2) water immersion objective. The gain was adjusted so that no fluorescence signal was detectable for the negative control (no primary antibody), and subsequently images were collected for eru and WT roots using identical settings. For LM20 and LM19, fluorescence intensity plots were acquired from the RH stalk along 7 cross sectioning lines for each RH. Maximal intensity values were extracted from baselined (background subtracted) spectra.
Cellulose and pectin Ca 2+ -binding sites were stained using Direct Red 23 and propidium iodide respectively. Five day old seedlings were fixed for 2 hr (see above), washed for 30 min, stained for 30 min using 0.01% w/v direct red 23 or 30 mM PI in PIPES, washed for 30 min and mounted in PIPES buffer for visualization using a D-Eclipse C1 confocal unit.
The thickness of the CW was measured on the obtained confocal images according to the following procedure. For each RH, intensity values along RH intersecting lines were obtained. The resulting plots show a background fluorescence level, and a subsequent peak in intensity corresponding to the signal coming from the CW. Each intensity plot was baselined (background subtracted) to make them comparable among the RH population, and a general intensity cutoff was set. The width of the intensity peak above the cutoff was calculated and considered to be an approximation for the CW width.
PME activity assay
The PME activity was measured in accordance with [46] , but with minor adjustments. Root tips were cut at the top of the differentiation zone and flash frozen. The soluble protein fraction was extracted from 10 mg of tissue by homogenization in 100 mL of 50 mM sodium phosphate buffer (containing 500 mM NaCl, protease inhibitor cocktail, pH 7.5) and subsequent centrifugation at 11,500 g (20 min, 4 C). PME activity was determined in triplicate immediately following extraction. The reaction was performed in an final volume of 110 mL, consisting of reaction mix (89,4 mL 50 mM phosphate buffer, 4 mM NAD + , 0.35U formaldehyde dehydrogenase from Pseudomonas F1879 Sigma, 1U alcohol oxidase from Pichia pastoris A2404 Sigma, pH 7.5), 8 mL 0.5% pectin from citrus peel (P9135 Sigma) and 10 mL protein extract (samples), 4 mL recombinant pectinesterase from orange peel (positive control; P5400 Sigma), or 10 mL phosphate buffer (negative control). NADH absorbance was measured at 340 nm each 40 s during 45 min (Biotek, Synergy MX), its concentration calculated using the extinction coefficient (6.220 M -1 cm -1 ) and the result normalized to the total protein concentration [47] . PME assay results are representative of three biological replicates.
Microscopy WT x ERU prom ::GFP plants were grown for 6 d on RH medium and placed on a slide with ddH 2 O. Images were acquired using a Nikon Eclipse E600 coupled to a D-Eclipse C1 confocal unit (Nikon, Brussels, Belgium). Propidium iodide (0.1 mg mL -1 ) was used as a counterstain. WT x ERUprom::GFP fluorescence profiles were extracted from images collected using a Nikon AZ100 multizoom macroscope coupled to 488nm fluorescence unit.
ERU-GFP subcellular localization was visualized using the above mentioned confocal microscope and a 60x water immersion objective (for overview images), and a Zeiss Axiovert 200 (Carl Zeiss, Jena, Germany) equipped with a microlens-enhanced dual spinning disk confocal system, a three-line argon-krypton laser and a 63x oil immersion lens for higher resolution images (Ultraview ERS; PerkinElmer, Seer Green, UK). For the latter, 4-6 d old seedlings were mounted in liquid RH growth medium and Z stacks were collected from actively growing RHs using a step size of 0.4-1 mm. FIJI was used to generate 3D renderings and maximal projections of the acquired Z stacks (Volume viewer and 3D project plugins). For timelapse acquisition, 5-d old seedlings were grown on slides overlayed with a thin layer of solid RH growth medium. The roots were overlaid with a coverslip and left to recover for 1 hr prior imaging at 4 s intervals.
Pectin Ca
2+
-binding site oscillations were visualized using propidium iodide staining, as described by Rounds et al. (2011) , with small adjustments [9] . WT and eru (À/À) seedlings were grown in square Petri dishes for 4-5 days on standard RH growth medium overlaying microscopy slides. The slides were excised from the medium, the seedlings were covered with a 10 mM PI solution in liquid RH growth medium, overlayed with a large coverslip, and left to recover for 30 min in a climate controlled environment (22 C). A fully automated Nikon Ti wide-field microscope (Nikon Instruments, Paris, France), with a 60x (na 1.2) oil immersion objective was used to collect PI fluorescence and transmitted light images every 3 s for 10-20 min at a resolution of 0.12 mm pixel -1 . Samples were illuminated with a Lumencor Spectra-X solid state light source (550/15nm; laser power 5%) and detected through a multiple dichroic and 620/40 bandpass filter on a CS-Ri2 scientific CMOS camera. Image acquisition was performed using Nikon NIS Elements with exposure times set to 100 ms (transmission) and 500 ms (fluorescence), closing the shutters in between consecutive acquisitions. RHs showing normal cytoplasmic streaming and the presence of a dynamic clear zone at the tip were selected for imaging. The acquired PI fluorescence time series for individual RHs were imported in FIJI as a stack and all frames were aligned with the stackreg plugin using Rigid registration. As such, a time series was acquired in which the tip was stationary from frame to frame, allowing the use of a single region of interest (ROI) for data extraction. For each frame, the average fluorescence intensity of the background and a 1.4 mm 2 ROI at the RH tip were measured. For each time point, the background signal intensity was subtracted from the apical PI fluorescence intensity. To correct for bleaching, the obtained PI fluorescence time series were de-trended in Autosignal v1.7 (Systat Software). A Fast Fourier Transform Radix 2 algorithm was employed in Autosignal v1.7 to perform frequency analysis of the acquired oscillograms. Hence, the PI fluorescence time series for individual RHs were transformed in order to show the PI oscillatory behavior as a spectrum of frequencies and their corresponding amplitude. For each oscillogram, the well-defined highest amplitude frequencies were isolated to describe the main PI oscillatory behavior. Kymographs were constructed using the multi kymograph plugin in FIJI.
Phosphoproteome analysis
Briefly, 100 mg of finely ground plant material was suspended in homogenization buffer containing 50 mM Tris-HCl buffer (pH 8), 30% sucrose, 5 mM EDTA, and 1 mM DTT in Milli-Q water and appropriate amounts of the cOmplete protease inhibitor mixture (Roche) and the PhosSTOP phosphatase inhibitor mixture (Roche). After sonication and removal of cell debris by centrifugation, a methanol/ chloroform precipitation was carried out with the supernatant as described previously [48] . Pellets were washed with 80% acetone and re-suspended in 8 M urea. Alkylation of cysteines was carried out in the presence of 15 mM tris(carboxyethyl)phosphine (TCEP, Pierce) and 30 mM iodoacetamide (Sigma-Aldrich). Three mg of protein material was digested with 10 mg of MS grade endoproteinase-Lys-C (Wako Chemicals), followed by an overnight digestion with 30 mg of trypsin (Promega) at 37 C. The digest was acidified to pH % 3 with trifluoroacetic acid (TFA) and desalted using SampliQ C18 SPE cartridges (Agilent) according to the manufacturer's guidelines. The desalted peptides were fully dried in a vacuum centrifuge and then re-suspended in 500 mL of loading solvent [80% (v/v) acetonitrile, 6% (v/v) TFA], from which 100 mL were kept for proteome analysis while 400 mL were proceeded further with phospho-enrichment using MagReSyn Ti-IMAC (ReSyn Biosciences) as described previously [48] . Samples were vacuum dried and dissolve in 30 mL 2% (v/v) acetonitrile and 0.1% (v/v) TFA prior to LC-MS/MS analysis.
Each sample was analyzed via LC-MS/MS on an Ultimate 3000 RSLC nano LC (Thermo Fisher Scientific, Bremen, Germany) in-line connected to a Q Exactive mass spectrometer (Thermo Fisher Scientific). The peptides were first loaded on a trapping column (made in-house, 100 mm internal diameter (I.D.) 3 20 mm, 5 mm beads C18 Reprosil-HD, Dr. Maisch, Ammerbuch-Entringen, Germany). After flushing the trapping column, peptides were loaded in solvent A (0.1% formic acid in water) on a reverse-phase column (made in-house, 75 mm I.D. x 250 mm, 1.9 mm Reprosil-Pur-basic-C18-HD beads, Dr. Maisch, packed in the needle) and eluted by an increase in solvent B (0.1% formic acid in acetonitrile) in a linear gradient from 2% solvent B to 55% solvent B in 120 min, followed by a 5-min washing step with 99% solvent B, all at a constant flow rate of 300 nL min -1 . The mass spectrometer was and method details. Significance (a = 0.05) was assessed by two-way analysis of variance (ANOVA; parametric) using linear mixedeffects models followed by a TukeyHSD (for pairwise statistical analysis), or Kruskal-Wallis tests (non-parametric). MicroFT-IR data were analyzed in MultiExperiment Viewer (http://www.tm4.org/mev, version 4.8.1) using Kruskal-Wallis (for non-parametric distributed wavenumbers) or Student's t tests (for normally distributed wavenumbers). Normality was assessed by Shapiro Wilkinson tests (non-normal distribution < W = 0.95 < normal distribution). Correlation analysis was performed using the non-parametric Spearman's rank correlation test.
